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ABSTRACT
Exposure to high-energy Galactic Cosmic Radiation (GCR) is one of the major 
barriers in the advancement of manned space missions. GCR is incident from 
outside the solar system and among the highest energy events observed by 
man. The Earth’s surface is protected by its geomagnetic fields that trap 
incoming charged radiation in the Van Allen Belts. NASA has cited these 
different forms of radiation as key problems to overcome for interplanetary 
space travel to become a reality.
This work intends to address the development of adequate radiation shielding 
for space applications from two different directions. The first method is the 
chemical synthesis and modification of polyimides as well as doping with 
additives for specific absorptions of targeted components and products of 
GCR. The second approach is to model and simulate polymeric shielding 
systems subject to GCR heavily utilizing NASA’s OLTARIS program. Of 
particular interest are the effects within multi-layered systems.
Layered systems of materials were studied to identify key relationships and 
effects present. Every test has shown that any layer in a system has an 
influence on the shielding performances of the other layers both before and 
after it. It was found that placing polypropylene in a layer at the backside of a 
shield greatly enhances the shielding. Large concentrations of metals have 
little effect on shielding if there is a polypropylene layer behind it. This work 
proposes and evaluates a multi-layered shield composed of polypropylene and 
doped polyimides. Other modeling trials compare the shielding capabilities of 
polymers in low Earth orbit (LEO) and free space environments.
TABLE OF CONTENTS
Acknowledgements ii
Dedications iii
PROBLEM 1
REASEARCH BACKGROUND 2
PROPOSED SOLUTION 6
SYNTHESIS
Polyimide Synthesis 8
Silver Doped Polyimide Systems 12
Monomer—BDA3 Diamine Synthesis 17
OLTARIS
Introduction and Overview of the Website 22
Basic material studies 25
Results and Discussion 28
Layered Studies 31
Variable Sequence/Ordering Studies 34
Variable Shielding Efficiency 36
Foil vs. Dispersion Incorporated Additives 39
Complex Multi-Layered Systems 42
MISSE-X Modeling 48
CONCLUSIONS 52
REFERENCES 54
i
ACKNOWLEDGEMENTS
I wish to express my gratitude to my mentor, Dr. Robert Orwoll, under whose 
direction this work was conducted, for his inspiration in learning and teaching. I 
am also indebted to Dr. Kiefer for his all help in my work.
This work was also made possible through the generous aid of Dr. Eugene 
Aquino and Dr. Russel Churchill of International Scientific Technologies, Inc.
I would also like to gratefully recognize NASA for their funding of the research 
that is presented herein. Funding came through SBIR/STTR grants,
NNX11CI31P and NNX11CB81C, awarded to the collaboration of International 
Scientific Technologies, Inc. and the College of William and Mary.
This Masters is dedicated to my family, who have always nurtured and supported
my love and perpetual study of nature.
1PROBLEM
The advancement o f human space exploration via manned spacecraft beyond 
the region protected by the earth’s magnetic field cannot proceed until high-energy 
space radiation and its effects are better understood. Some o f  these environmental 
hazards in space are the highest energy events observed by man. Adequate shielding 
o f this incident space radiation must be achieved if  we are to probe deeper in our 
endeavor to better comprehend the universe and progress our physical manifestation 
beyond the earth and its moon.
2RESEARCH BACKGROUND
Earth’s magnetic fields protect us residing on and near its surface from 
incoming charged-particle radiation. The charged matter is effectively captured and 
retained in two “belts” that are known as the Van Allen Belts. These belts range in 
distance above the earth, starting at 10,000 km and extending all the way to 60,000 km 
away. The only time man ventured outside o f these fields and into the free space 
environment was in NA SA’s Apollo missions. The charged particles collected from 
incoming radiation and concentrated at the poles by the earth’s magnetic fields can be 
seen on earth’s surface in the Aurora Borealis and Aurora Australis phenomena. Past 
these belts and the Earth’s geomagnetic sphere the space environment become much 
more precarious.
Galactic Cosmic Radiation (GCR) is the form of space radiation that presents 
the greatest environmental hazard. The radiation comes from outside o f our solar 
system and contains such high energy, as much as several hundred GeV, it can only be 
hypothesized what events in our universe could be the source. The radiation is 
comprised o f the bare nuclei o f all elements, though mostly nuclei o f hydrogen (85%) 
and helium (14% )'. While nuclei o f all elements are observed in GCR, the elemental 
distribution beyond hydrogen and helium strongly peaks with iron nuclei. This 
radiation can penetrate the hull o f a space craft (an aluminum shell in most cases) and 
sometimes causes nuclear fragmentation with the nuclei present in the vessel walls. 
This nuclear fragmentation produces secondary radiation consisting mostly o f free 
neutrons, smaller nuclei and electromagnetic radiation in the form o f gamma-rays and
3X-rays. The energy o f the incident GCR nuclei is mostly dampened through 
Coulombic interactions with the shielding material.
A large portion o f the secondary radiation products from nuclear collisions o f 
incident nuclei and the target nuclei continues onward through the shielding material. 
Even though this radiation is not as high energy as the incident it still poses significant 
hazard to the vessel in space and its inhabitants. Research has shown that while the 
actual number o f collisions between heavy ions and the shield are only a small fraction 
o f the total interactions, they very well may be responsible for a substantial portion o f 
the effective dose o f radiation while in space2. The electromagnetic portions, gamma- 
and X-rays, are observed and have synthetic sources on earth. Large nuclei perform 
best at absorbing these high-energy, low-wavelength emissions with many terrestrial 
applications being the extremely effective use o f  lead and leaded glass in absorbing X- 
rays. The other part o f secondary radiation that warrants optimized shielding is the 
neutrons created and emitted in nuclear fragmentation events. Neutrons behave 
differently than gamma rays and X-rays. They do not directly cause ionization, but 
through capture can create unstable isotopes that can undergo particle decay, releasing 
harmful radiation. Nuclei highly susceptible to neutron absorption are sought to be 
incorporated into the shielding systems to prevent hazardous levels o f free neutrons 
ejecting out the backside.
Solar Particle Events (SPE) are another form o f high-energy radiation that is 
found in space. This radiation is emitted from the sun at our solar system’s 
gravitational center in events such as coronal mass ejections and solar flares and is 
made up almost completely o f  protons, but heavier nuclei (mostly helium) are also
4observed at much lower levels. The levels o f radiation observed from SPE and GCR 
are inversely related. The maximum in GCR was observed in 1977 when SPE 
experienced a minimum. This can be attributed to the strong electro-magnetic field 
carried with SPE that disrupts incoming GCR encountered in the path as the SPE 
radiates outward, projected from the sun3. While very sudden, violent and high- 
energy events, particles from SEP “storms” are still not nearly as high energy as 
incoming GCRs, but they are intense enough to deliver lethal doses4. It is assumed that 
a good shield for GCR would also be highly effective shielding for SEP.
The best practical shielding o f GCR is currently obtained through two 
polymers with identical empirical formulas o f CEE, polyethylene and polypropylene. 
Their effectiveness stems from their high hydrogen content. Hydrogen, being neutron 
free, has the greatest charge-to-mass ratio o f any element and thus creates the highest 
degree o f Coulombic interactions with the incident high energy nuclei. Hydrogen also 
cannot be fragmented in collisions with the GCR.
Additives are incorporated into polymers, seeking to improve and impart 
beneficial properties to the shields. The additives in this work can be obtained in a foil 
or in powder-like nanoparticles. If a salt or nanopowder incorporation approach is 
taken, the additives must be well dispersed to create an ideal, homogenous shield. 
Gadolinium, boron, and tungsten are three candidate additives for enhanced capture o f 
secondary radiation.
Gadolinium is a rare-earth metal with atomic number 64 and a melting point 
o f 1312°C. Even though it has a relatively low density for a metal, 7.9 g/cm3, 
gadolinium -157 has been identified as possessing the largest cross-section for the
5absorption o f thermal neutrons o f any stable isotope. This makes it a premier additive 
for neutron absorption applications requiring no costly isotopic enrichment. The other 
five stable isotopes o f gadolinium, with masses from 154-160 amu, are also capable o f 
significant neutron absorption. Its large atomic number also makes it a suitable 
candidate for absorption o f electromagnetic secondary radiation.
Boron, o f atomic number 5 and with a density o f 2.4 g/cm3, is the smallest 
element believed to be a suitable additive to materials in the studies outlined herein. 
Boron’s melting temperature is fairly high at 2076°C. Boron-11 is the most abundant 
isotope but boron-10 has a high probability for neutron absorption. In fact it has the 
largest thermal neutron capture cross-section per unit mass o f any element. In space 
applications, minimizing weight is always a critical aspect o f feasibility analysis.
Tungsten is a transition metal, atomic number 74, and has the second highest 
melting point (over 3400°C) o f any element. It has a large density, 19.25 g/cm3, 
almost that o f gold. Because o f its high atomic number it is an attractive option for 
absorbing high energy electromagnetic radiation. Its stout physical characteristics also 
may be beneficial in improving the physical capabilities (i.e. tensile strength, load 
bearing capacity, etc.) o f the material doped.
Silver, atomic number 47, has the highest electrical conductivity o f any 
element. Using silver as an additive, electrical charges imparted from GCR could 
possibly be mitigated away from sensitive electrical components.
6PROPOSED SOLUTION
A material is required that adequately shields the intensive and harmful 
radiation present in the space environment. M inimizing the weight o f the shielding 
materials and reducing maintenance requirements are necessities in determining the 
feasibility o f a shield. The ideal shield should also be physically durable and 
thermally stable to withstand the harsh conditions o f space. Some polymers fit all 
these requirements.
Polymers are lightweight materials that can be modified in chemical structure 
and used in composites for specific applications. Polymers also have potential as 
structural components in space applications as well as radiation shielding. As 
mentioned, the high-hydrogen content polymers, polypropylene and polyethylene, are 
the most effective known polymer shields for GCR. Due to their aliphatic nature, 
these polymers have poor thermal and mechanical properties when compared to other 
polymers such as polyimides. Table 1 compares some basic physical and mechanical 
properties o f polyethylene, polypropylene, and the polyimides Kapton and Ultem
1000 .
Polymer Minimum Service 
Temperature (°C)
Maximum Service 
Temperature (°C)
Tensile Strength 
(psi)
High Density 
Polyethylene -100 120 4550
Polypropylene 0 135 4500
Kapton Polyimide -269 400 33500
Ultem 1000 171 16500
Table 1: Thermal and mechanical properties o f high density 
polyethylene5, polypropylene6, Kapton7, and Ultem 10008.
7Polyimides, specifically Kapton and Ultem 1000, have been utilized in NASA 
missions, mostly as insulation for the spacecraft and electronics because o f their wide 
range o f thermal stability. The aromatic structure o f polyimides also significantly 
enhances their mechanical properties due to the high rigidity o f the rings.
This research has taken a two-pronged approach to meeting the needs of 
polymeric radiation shielding for space applications: synthesis and modification o f 
polyimides, as well as modeling and analyzing polymeric materials for shielding 
effectiveness. Multiple polyimides have been created, as well as the synthesis o f a 
diamine monomer. A doped polyimide system has been synthesized for electronic 
applications in space. Modeling and analyses o f polymer radiation shields was 
conducted with the use o f OLTARIS, the On-Line Tool for the Assessment o f 
Radiation In Space, a website-based program provided by NASA. The results o f 
modeling were then used to propose a multi-layered polymeric radiation shield.
8SYNTHESIS
Polyimides have been identified as ideal candidate polymers for this works’ 
desired space applications. This work in synthetic polymer chemistry describes a 
polyimidization procedure, the modification o f a polyimide through the incorporation 
o f silver as a complex, and the synthesis o f a diamine monomer.
Polyimide Synthesis
The repeating monomer units that make up polyimide chains can be tailored to 
fit specific needs by deliberate selection o f the monomer cores. The synthetic 
pathways are maintained even when these monomer cores are varied. Table 2 shows 
the structure o f four polyimide monomers, two diamines and two dianhydrides.
Polyimide Monomers
Diamines Dianhydrides
H ,N ,
4,4’-Oxydianiline
(ODA)
4,4’-(4,4’-
Isopropylidenediphenoxy)bis(phthalic
anhydride)
(UDA- Ultem Dianhydride)
4,4’-( 1,3- Phenylenediisopropylidene) 
bisaniline 
(BAM)
Benzophenone-3,3’,4,4’- 
tetracarboxylic dianhydride 
(BTDA)
Table 2: Polyimide Monomers.
In the synthesis o f a polyimide, it is necessary to react equimolar amounts o f a 
diamine and a dianhydride to facilitate the formation o f a long chain molecule 
comprised o f a single repeating unit. An example polyimidization is illustrated in 
Figure 1.
B A M
B T D A
OHOH
N
H
P oly(am ic acid)
B A M -B T D A  P oly im id e
Figure 1: Polyimide synthesis using BAM and BTDA.
The following procedure describes the polymerization o f 4 ,4’-( 1,3- 
phenylenediisopropylidene)bisaniline (BAM) and benzophenone-3,3’,4,4’- 
tetracarboxylic dianhydride (BTDA) in a solvent o f 77-methyl-2-pyrrolidone (NMP). 
Other diamine and dianhydride monomers as well as other solvents may be used to 
polymerize under the same protocol.
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BAM was received from Aldrich and recrystallized in ethanol (EtOH). The 
result was an elevation in the melting point range from 107-109°C to 110-111 °C. The 
BTDA was dried in an oven at 135°C overnight to remove any traces o f water that 
may have been present. The monomers were dissolved in solvent prior to the 
polymerization. 12.02 g BAM (.035 moles) was dissolved in 73 mL ofN M P (p=l .028 
g/mL) and placed inside a 500 mL three-neck round bottom flask equipped with a 
drying tube and a steady flow o f N 2 gas. Next, 11.24 g o f BTDA (.035 moles) went 
into 55 mL NM P and was placed in an addition funnel in the center neck o f the 
reaction flask. The solution in the addition funnel was added dropwise over an hour to 
the flask while stirring with a magnetic stir bar at room temperature. The 
polymerization was then allowed to run for 25 hours at room temperature, resulting in 
approximately 130 mL o f poly (amic acid) BAM/BTDA at 15% solution.
The poly (amic acid) was utilized to create film samples. The films were 
pulled on glass plates with a doctor blade. The glass plates were meticulously cleaned 
prior to pulling the films, as any dust or residue on the plate is capable o f adversely 
affecting the samples. First the plates were soaked in a base bath. The base bath was 
made by mixing 200-250 grams o f potassium hydroxide into 3 L o f isopropyl alcohol 
in a large glass beaker. After the addition o f KOH, 1 L o f deionized water was 
carefully added to the solution. The mixing o f this solution is highly exothermic and 
should not be prepared in a plastic container. After thoroughly rinsing the base off the 
glass with water, the plate was then scrubbed with soap and water and rinsed with 
deionized water. Next acetone was applied with a spray bottle to remove any trace 
amounts o f water remaining on the glass and was allowed to dry. The final step in
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cleaning the glass plates was a light rinse with ethanol to remove any dust that may 
have settled on the surface.
After the plate dried, it was placed in the drybox and a film sample was 
‘pulled’ by dragging the doctor blade over a small puddle o f poly (amic acid) solution 
that had been poured onto the plate. The doctor blade was moved firmly, slowly, and 
consistently over the sample to encourage homogeneity in the film. The sample 
remained in the dry box at room temperature to allow solvent to evaporate. After the 
polyamide film had dried to the point where it was not runny but still tacky, typically 
18-36 hrs, the glass plate and sample were removed from the drybox and placed in a 
GS Blue M Electric CW Series Ultra-Temp Oven for curing.
The oven cycles used were varied, but the basic template cycle was 6 steps. 
First, over an hour the temperature was raised to 100°C and then held there for one 
hour. Over the third hour o f the cycle, the temperature was raised to 200° C and 
maintained for one additional hour. Finally the temperature was ramped to the 
cycle’s peak temperature o f 300°C. This temperature was maintained for a minimum 
o f one hour before cooling to room temperature. During this curing step, the 
imidization o f the poly (amic acid) was completed, taking the sample from the poly 
(amic acid) to the final polyimide product. The films were removed from the glass 
plates by soaking them in warm water. At times, vigilant utilization o f a razorblade 
was necessary to remove the films from the plates.
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Silver Doped Polyimide Systems
Biological and material degradation are the most obvious harms that are sought 
to be prevented with these shielding studies, but the aforementioned radiation also can 
have very deleterious effects on electronics in space. NASA has identified internal 
electrostatic discharge-based failure in circuit boards as a significant concern for 
electronics in space applications. A high-energy incident nucleus can impart charge as 
it passes through any material. If this material is a component o f an electrical device, 
the imparted charge may interfere with the proper function o f the component or cause 
the circuit to short and fail completely. Any data stored on hardware in bits may be 
altered by excess charges. The solution being proposed is that the typical silicon 
circuit board be replaced by a polyimide based board that is capable o f dissipating 
excess charges safely away from the working components o f the system.
Silver was added to a polyimide to create polymer composites capable o f some 
degree o f conductivity. Only partial conductivity is ideal for this application. The 
poly(amic acid) was synthesized from 4,4-oxydianiline (ODA) and 4 ,4’-(4,4’- 
isopropylidenediphenoxy) bis(phthalic anhydride), also known as Ultem dianhydride 
(UDA), at 10% solution. To incorporate the silver, first a silver complex must be 
made soluble. Silver (I) acetate (AgOAc) was used, (Aldrich), as in the procedure 
outlined by Thompson et al. in several published works9’10,11 and illustrated below.
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1,1,1 - tr if  lu o ro -2 ,4 -p en  tan ed ione
+ Ag+
'O'
S ilv er  acetate
D M A c
Ag
</ N>! ! 
i t
acetic  acid
s i lv e r -1,1,1 -tr iflu orop en tan ed ion e
Figure 3: Preparation of the soluble silver complex.
In the first step, 0.381 g (25 mmole) o f 1,1,1 -trifluoro-2,4-pentanedione
(TFAH) was combined with 1 mL o f dimethylacetamide (DMAc) and 0.306 g (18 
mmole) o f silver acetate (AgOAc) in a small glass container and stirred to yield the 
silver-trifluoropentanedione complex. An additional .094 g o f TFAH were added to 
create an excess o f 1.35 molar equivalents o f TFAH (relative to AgOAc), ensuring the 
formation o f all silver into complex. This mixture was slurried for several minutes 
before the addition o f 18.71 g 10% ODA/UDA poly(amic acid), also dissolved in 
DMAc. The complex solution was soluble in the poly(amic acid) at room 
temperature. This resin was mixed with a magnetic stir bar for three to five hours 
before pulling a film in the drybox. The film remained in the drybox at room 
temperature for a minimum o f 18 hours before curing. The polymer was cured in the 
GS Blue M Electric CW Series Ultra-Temp Oven with the air intake valve closed
14
completely. This lack o f air flow minimized oxidation o f the curing film from 
interaction with air. The oven program previously described in this work for 
polyimidizations was again implemented, but with the peak temperature o f 300°C 
maintained for 3-5 hours. In the curing process the silver (I) was reduced to metallic 
silver. This silver reduction is believed to be driven by the presence o f electron rich 
nitrogen and oxygen atoms in the poly (amic acid).
Polyimides were created with different amounts o f the silver additive. The 
equation used to calculate the mass o f silver to be added to a given amount o f poly 
(amic acid) for a desired weight percentage is shown below:
(%  A g )  { ^ Z )
M/>3 ~  (100 -  % A g )
MAg= mass o f silver in polymer 
% A g  = mole percentage o f silver in the polymer 
MWpi = molar mass o f repeat unit in polyimide 
MWPAa= molar mass o f repeat unit in poly (amic acid)
M P A a =  mass o f polyamic acid in sample 
o ) P a a =  mass fraction o f polyamic acid in solution
One must keep in mind that the mass fraction o f silver is o f interest, even
though the silver added to the system is in the form o f silver acetate. The mass o f
silver acetate to be added is found by multiplying the calculated mass o f silver by the
molar mass o f silver acetate and dividing this product by the molar mass o f silver. The
film samples were made with 3% Ag, 5% Ag, 8% Ag, 10% Ag and 15% Ag by
weight.
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The resulting film  w ith 3 %  A g by  w eight exhibited a hom ogenous luster and 
reflectiv ity  but also d isplayed translucence through its deep am ber hue. The 5% A g 
was hom ogenously lustrous and reflective. The 8% A g sam ple w as still lustrous yet 
barely  translucent i f  at all. A  sm all am ount o f  its surface w as covered w ith a non- 
reflective, pow dery grey finish. In the 10% A g film, the relative am ount o f  lustrous 
surface dim inished as the grey, non-reflective finish took up a greater percentage o f  
the film ’s area. In the 15% sam ple the surface w as a m arbled outcom e o f  reflective 
and grey. This sam ple w as also alm ost com pletely opaque, tough and appeared m ore 
like a m etallic foil than a polym er film . It also spontaneously rolled up on itse lf any 
tim e it w as not p inned  down.
Figure 4: Photograph o f the silver doped polyim ides after curing.
The m ost hom ogenous 4 ”x4” square areas o f  the film s w ere m atted and cut out 
o f  the pulled film s to be sent to collaborator at International Scientific Inc. in Radford, 
V irginia for quantitative conductiv ity  analyses. The luster exhibited  by the film s does 
show  qualitatively  that the silver(I) was reduced, but high reflectiv ity  does not
16
guarantee any conductivity and vice versa. The conductivity is dependent upon the 
size and placement o f the silver nanoparticles. The resistivities measured by the 
collaborators at International Scientific Inc. are reported in Table 4.
Sample Resistivity (fl-cm )
Kapton Polyimide 4 .4 7 x l0 16
UDA-ODA+3% Ag 1.33xl0lu
UDA-ODA+5% Ag 2.12xlOy
UDA-ODA+8% Ag 2.32xlOlu
UDA-ODA+10% Ag 6.87xl09
UDA-ODA+15% Ag Sample quality insufficient
Table 4: Results of conductivity analysis.
The silvered films were then pressed with other polyimide films to make 
sample slabs. The films were pressed in a steel mold with an area o f 4 inches by 4 
inches on a 230 volt 12-ton Carver heated hydraulic Model 4122 press. To fuse the 
films together, a small amount o f solvent was applied to the surface o f the film 
samples before placing them in the press. The resulting silvered polyimide 
nanocomposite slabs showed excellent fusion o f the multiple films and were sent to 
NASA as deliverables for a Phase I STTR Final Report12.
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Monomer— BDA3 Diamine Synthesis
The synthesis o f BDA3 diamine, a ,a ’-bis3,5-dimethyl-4-(4- 
aminophenoxy)phenyl]-l,4-diisopropylbenzene, from BDA3-bisphenol through the 
intermediate BDA3-dinitro was based on previous work by Lucy Y. Hu et a l.13, but 
had to be modified fairly significantly in some areas. As shown in Figure 2, the 
conversion to the diamine from the bisphenol was only two chemical steps, but the 
reduction step was completed using two different pathways. It was found that at 
almost all steps that the products were not very soluble in anything.
+
'OH
B D A 3
Figure 2: Synthesis of BDA3 diamine monomer.
One such conversion o f the bisphenol to the BDA3-(N02)2 precursor used
120.90 grams o f BDA3-bisphenol (0.30 moles), 104.53 grams o f l-chloro-4- 
nitrobenzene (0.66 moles), and 91.33 grams o f potassium carbonate (0.66 moles) in
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500 mL dimethylformamide (DMF). The mixture was stirred in a 2-L, 4-neck flask at 
refluxing temperature. The initial refluxing temperature was 152-154°C but was 
lowered to 147-148°C, taken from a thermometer tip in the solution. The reaction was 
run for 24 hours. The contents o f the flask were stirred until cool, at which time they 
were poured into a 2 L, 50:50 mixture o f H20  and methanol (MeOH) and precipitated. 
The resulting crystals, bright yellow in hue, were vacuum filtered using a Buchner 
funnel with trap and further dried in an oven under vacuum at 150° C. The synthesis 
o f the dinitro precursor o f BDA3 gave an 88% yield.
For the recrystallization o f the BD A 3-(N 02)2 product, glacial acetic acid was 
initially used but was not an economical solvent due to the large volume required to 
dissolve a modest mass (<1 gram/100 mL) o f BDA3-( N 0 2)2 at boiling temperatures 
(~116-118°C). A mixture o f toluene and glacial acetic acid was then used with a 
significant improvement o f solubility, but still not good enough to be accepted. The 
more toluene used, the more soluble the solute was but the products were not always 
easily crystallized. Finally a solution (no pun intended) was found in acetic anhydride. 
At very near the boiling point, acetic anhydride quite readily dissolves BD A3-(N 02)2 
at a ratio around 1 gram: 10 mL solvent. Usually, the solution was cooled extremely 
slowly (at a rate o f 0.1°C/min) to result in the formation o f large dinitro crystals. The 
hot plate was powered off and the solution was left on the cooling hotplate until it 
reached room temperature. At this time the solution was placed in the refrigerator.
The resulting crystals, while not as large as those cooled in the oven, showed good 
sharp melting points that agreed well with the literature value13 o f 227-228°C.
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An alternate purification o f the BD A 3-(N 02)2 product with a sublimation 
technique was attempted. The bottom o f a large sublimator was covered with a layer 
o f the crude dinitro product. The top piece o f the sublimator was then put into place, 
leaving a significant space (approximately 2.5 cm) in between the crude product and 
the face on which sublimated crystals would be deposited. The sublimator was 
hooked up to the lab pump, running through the liquid nitrogen trap. The setup was 
evacuated almost continuously for approximately two days while ice was regularly 
replaced in the sublimator’s cup. The bottom o f the sublimation apparatus was placed 
in an oil bath with temperatures ranging from 130-230°C. After two days, the amount 
o f product sublimated on the inside face was merely a dusting. It is hypothesized that 
this disappointing trial o f sublimation was due to a leak in the evacuated system or 
insufficient vacuum for sublimation.
Two hydrogenation procedures were used to reduce the BD A 3-(N 02)2
13 •precursor to the desired diamine. Initially, the solvents used by Hu et al. were tried, 
but solubility o f the reactants in the reduction reactions could only be reached to about 
10% o f their given values. The first used a pressurized hydrogenation setup, with 
reinforced glassware under heavy agitation and H2 gas pressurized to approximately 
55 psi. An example hydrogenation reaction involved the addition o f 15.719 grams of 
B D A 3-(N 02)2 to 250 mL o f a 50:50 mixture o f DMF and toluene. Over half, 8.863 
grams o f the B D A 3-(N 02)2 did not dissolve and was then filtered out, leaving 6.855 
grams in the solution, before the addition o f 0.520 grams Pd/C catalyst. The 
reinforced bottle was loaded into the hydrogenation apparatus, purged, pressurized at 
room temperature with H2 gas to 55.5 psi and then agitated vigorously.
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Approximately 24 hrs later, the pressure had fallen to 47 psi and the apparatus was re­
pressurized to 55.0 psi. 36 hours later, the pressure had fallen to 44 psi and was re­
pressurized to 56 psi. After another 18 hours, the mixture was removed from the 
hydrogenation apparatus.
Due to the low solubility o f BD A 3-(N 02)2, not even 10 grams of reactant 
could be used in the hydrogenator system with reinforced bottle. Once again, the 
solubility ratio was found to be far below that o f the literature13. Multiple solvents 
were tried including EtOH, DMF, and tetrahydrofuran (THF). This procedure was 
abandoned for a second procedure that utilized the addition o f hydrazine monohydrate 
with C/Pd at reflux to reduce the nitro groups.
An example reaction o f the aforementioned hydrazine reduction procedure was 
recorded as follows: 103.48 grams o f BD A 3-(N 02)2 (m.p. 227-229°C) was added to 
800 mL THF followed by the addition o f 0.9402 grams Pd/C catalyst. Next, 310 mL 
o f hydrazine monohydrate were added dropwise over roughtly an hour as the solution 
was held at reflux (68°C) in a 2-L, 4-neck round bottom flask. The temperature was 
taken from a thermometer in solution and the system was heated using a 5-F 
EMV5000/CE electromantle made by Electrothermal. The reaction was allowed to 
run for 22 hours. This reaction had initially been performed using EtOH as the solvent 
but was modified to use THF as reported here.
After the reduction o f B D A 3-(N 02)2, the very fine Pd/C catalyst must be 
removed before the product can be isolated. Removal o f the catalyst was attempted 
using Celite pads, glass-sintered funnels, and Buchner filtration methods. The most 
efficient removal technique utilized a single fine porosity filter paper in a Buchner
vacuum filtration system. If any catalyst remained in the filtrate, the filtration was 
simply repeated one more time. When removing the catalyst after the hydrazine 
monohydrate reduction, it was found that the catalyst and subsequently the filter paper 
were liable to ignite upon reaching dryness. The first discovery o f this was in the lab 
trashcan, not ideal. A procedure was developed whereupon as the final drops of 
solution were filtering through, deionized water was run through the filter to keep the 
filter paper wetted. The papers were then stored in a water-filled container kept in the 
sink to prevent any possible ignition. With the catalyst removed, the product could be 
obtained. The THF-diamine solution was poured into a 4-L beaker containing 2 L o f 
room temperature water, resulting in the precipitation o f final diamine product. The 
final product was collected and dried and found to be 97% yield. Satisfactory 
purification o f BDA3 has yet to be obtained, but advances were made. The final 
product’s literature value o f melting point13 (226-227°C) was never reached, but after 
heating samples o f  the diamine product in an evacuated oven at 215°C for 8 hours, a 
sharp melting point o f 225°C was obtained. Table 3 shows BD A 3's solubility in 
various solvents:
Solvent Solubility Notes
DMAc Not soluble at RT.
Apparently heating caused a chemical change in the 
BDA3, as observed in a trial recrystallization.
NMP Somewhat soluble at RT. Did not recrystallize well.
THF Very soluble. Too soluble for recrystallization.
DMF Somewhat soluble, more o f a suspension.
DMSO Somewhat soluble, more o f a suspension.
CH2C12 Very soluble almost instantaneous.
CHC13 Very soluble, almost instantaneous.
EtOH Not very soluble even upon heating.
Table 3: Solubility of BDA3 in various solvents.
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OLTARIS 
Introduction and Overview of the Website
OLTARIS, the On-line Tool for the Assessment o f Radiation in Space, is an 
ongoing development by NASA, functioning to assess the behavior o f high-energy 
radiation in space. The coding utilizes the physical modeling programs HZETRN2005 
and NUCFRG2. The HZETRN2005 coding simulates high energy transfers o f 
charged nuclei while the NUCFRG2 addresses the events and effect o f nuclear 
fragmentation caused by the incident radiation. OLTARIS is user friendly without the 
need to be engrossed in the large body o f math and physics going into the calculations. 
It is capable o f simulating Galactic Cosmic Radiation and Solar Particle Events as the 
user sets the parameters for year, duration, and other specifics to the space 
environment. There are several “space environments” to choose from, such as lunar 
surface, low-earth orbit, and free-space regions.
The primary interest and focus o f  this research was on the materials used for 
shielding. The OLTARIS platform has several standard materials pre-generated and 
ready to be incorporated such as aluminum, lunar regolith, and polyethylene. The user 
can define new materials using chemical formulas, elemental weight percentages in a 
compound, and densities. The parameter inputs are then submitted to generate and 
configure a database o f coding specific to that material. This database can then be 
used to model the material in radiation exposure simulations, as chosen by the user in 
the definition o f slab layers. The material selected for a layer and the thickness o f the 
layer are submitted through the “slab” or “thickness distribution” tabs. A slab input
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simulates just a section o f shield at the given depths. The thickness distribution input 
is much more complex and allows the user to upload possible spacecraft layouts for 
assessment. Almost all trials outlined in the present document result from use o f the 
slab function tab as the materials and their shielding effects are o f priority.
In addition to input options, OLTARIS offers options in its outputs. Most 
commonly, values are sought in conventions o f absorbed dose, measured in milligrays 
(mGy), and dose equivalent which is measured in millisieverts (mSv). Both have units 
o f J/kg but imply different things. Absorbed dose is a physical measurement of 
radiation while dose equivalent seeks to quantify the biological effects o f radiation. 
This value is related to the absorbed dose through quality factors which differentiate 
between different types o f radiation (gamma, protons, neutrons, etc.) based on energy. 
Some forms o f radiation are more disruptive and harmful to biological systems, and 
thus would be weighted more strongly by their respective quality factors. Another 
quality factor is included for the material under radiation. This factor takes into 
account a broad spectrum o f materials, even specific tissues, organs, and cells14.
These conversions from dose to dose equivalent may result in non-intuitive 
results. In a hypothetical example, a measurement o f dose was found to be 1 mGy. 
This same measurement when converted to dose equivalent could be found to have a 
magnitude much greater, as much as 25 mSv. The difference between the two 
measurements seems drastic and unrealistic, but it is the biological impact o f the 
radiation dose that is being quantified in sieverts. Sieverts do not represent the 
physical energy imparted due to radiation but extrapolate the biological effect o f this 
dose. A more thorough explanation o f the quantification o f biological effects in
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conversions to dose equivalence is present in the 2007 Recommendations o f  the 
International Commission on R adiological P rotection .15
The methods o f calculating and simulating such high energy events are 
continuously being perfected. NASA scientists frequently update OLTARIS to 
include more thorough and accurate calculations. It even has several outlets for 
interaction between the users and the group/creators o f the website, making it possible 
to ask questions. For example, during this study a glitch in the software was observed 
in generating shields with layers o f air. The atmospheric composition o f air was 
tabulated as a material and the air layer was incorporated between two blocks o f 
polypropylene. The results showed an increase in radiation over the air interval with a 
slope o f almost one. This increase in permeating radiation was surprising because the 
number o f nuclear fragmentation events should be insignificant in low-density gaseous 
medium. Because the density o f air is extremely low, the resulting thicknesses 
measured in g/cm2 were on the order o f  thousandths. When the same procedure was 
repeated using hydrogen gas, the increasing effect was not seen and the radiation 
dropped across the layer o f air. These surprising results were identified by the group 
at NASA Langley as a glitch associated with the super thin layers defined for the air 
intervals. A solution has since been included in the program. OLTARIS is still 
deficient in three critical aspects: ( 1) it is yet to include nuclear cross-sections for 
neutron absorption by nuclei, (2) the emission o f neutrons from nuclear events, and (3) 
absorption probabilities o f the secondary electromagnetic radiation such as gamma 
rays. This means that the beneficial properties o f additives incorporated into shielding
25
to absorb neutrons or electromagnetic radiation cannot be demonstrated with the 
current version o f OLTARIS.
Basic Material Studies
All simulations on OLTARIS were completed using parameters for a free 
space environment subject to the GCR o f the 1977 Solar Minimum. The materials that 
have been simulated most with OLTARIS are polyethylene, polypropylene, Kapton 
polyimide and Ultem 1000 polyimide. Polypropylene and polyethylene have been 
identified as the two best materials for a single homogenous shield. Their empirical 
formulas are identical and the only difference observed between the two is a minute 
change in densities. The shielding success o f these two materials is attributed to the 
fact that they are the most hydrogen-rich polymers. The electron density 
(electrons/unit mass) o f hydrogen is the highest o f any element and thus is the best 
element for absorbing and disrupting such high energy radiation16.
Table 5 shows the inputs for materials studied. Some of the polymers shown 
have been included in the table because they were used in studies yet to be discussed 
and to show the effect o f additives on material densities.
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Name Formula Density
Polypropylene c 3h 6 0.93 g/cm3
Polyethylene c h 2 1 . 0 0  g/cm3
Kapton polyimide C22H 10N0O 5 1.42 g/cm3
Lead Pb 11.34 g/cm3
Tungsten W 19.25 g/cm3
Aluminum A1 2.70 g/cm3
K apton+10%Gadolinium C22HioNo0 5 + 1 0 %Gd (by wt) 1.55 g/cm3
K apton+10%Boron C22H 10No0 5+ 1 0 %B (by wt) 1.48 g/cm3
Ultem 1000 C 37H24N 206 1.27 g/cm3
Ultem 1000+10%Gadolinium C37H24N2O6+10%Gd (by wt) 1.39 g/cm3
Ultem 1000+10%Boron C37H24N 2O6+10%B (by wt) 1.33 g/cm3
Poly(methyl methacrylate) c 5h 8o 2 1.19 g/cm3
PMMA+10%Gadolinium C5H 8O2+10%Gd (by wt) 1.30 g/cm3
PDMS+PEI C26H30N2O7Si3 1.18 g/cm 3
Table 5: Inputs for defining materials in OLTARIS.
Single component, monolayer shields were studied first. Figure 4 shows the 
results o f calculations on eleven different materials including the metal tungsten, 
poly(methyl methacrylate) (PMMA), and poly(dimethylsiloxane)-etherimide 
(PDMS+PEI) a polymer utilized by collaborators at International Scientific 
Technologies, Inc. in Radford, Virginia. The results were plotted as the shield 
thickness in units o f areal density, g/cm2, versus the fractional dose, the ratio o f 
radiation dose measured behind the shield to the radiation incident on the front side of 
the shield. Areal density measures thickness in terms o f mass per unit area. This 
makes it a great option for comparing materials by taking into consideration the 
amount o f material present in a given thickness. If typical units o f length were used, it 
is likely that many effective materials would be under-evaluated due to differences in 
their densities.
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Figure 4: L ist o f  m aterials generated in O L T A R IS. N ote that the horizontal axis 
is a m easure o f shield th ickness, not depth into the shields.
Figure 4 show s the radiation as unitless ratios o f  dose equivalent at the given 
depth/point relative to the dose equivalent o f  the incident beam . This is labeled as the 
“ fractional dose equivalent” or H (x)/H (o). For exam ple, the final point (30 g/cm  ) for 
w ater w as .385 w hich is equal to 38.5%  o f  the incident radiation. These m aterials 
w ere chosen because they w ere studied in trials or because they  exhibit som e standard 
o f  a property  by  w hich others can be put into a better perspective.
Lead is the best absorber o f  X -rays but as is apparent in Figure 4, it is a very 
poor shield for GCR. The best shield w as indeed the m ost hydrogen dense layer 
possible, liquid hydrogen. This is not a very feasible shield design for spacecraft 
though, as it w ould require very com plex procedures and system s or unreasonably
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large amounts o f power to keep properly cooled and in liquid form. Tungsten behaved 
very closely to lead, with neither showing promise as an effective shield. PDMS+PEI 
and PMMA both appeared between water and Kapton on the graph, both showing a 
reduction to about 40% the incident radiation in a 30 g/cm2 sample. Quite expectedly, 
liquid hydrogen proved to have the greatest shielding properties o f any materials with 
polypropylene and polyethylene still the best performing polymers. Their 
performances overlap and are indistinguishable.
All materials exhibit an increase in the relative dose equivalent over some 
discrete initial interval. This rise in radiation is caused by nuclear fragmentation 
events between the incident radiation particles and the target nuclei. With increasing 
atomic number and nuclear size, the probability o f  these nuclear events also increases. 
If the relative dose equivalent does not appear to increase for a given material, it is 
because the initial interval is not small enough to show this effect.
Results and Discussion
The first simulations completed were to show that the outputs were comparable 
to preexisting data16. Polyethylene was an obvious choice, as it was already 
incorporated into the materials list o f  the software and could be an integral part of 
space radiation shielding and infrastructure in the future. It is the most hydrogen-rich 
polymer, and therefore the best at absorbing and diffusing high energy particles.
Other materials tested initially were lunar regolith, also included on the preset 
OLTARIS materials list, and Kapton polyimide. Figure 5 shows the results.
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Figure 5: The radiation dissipation vs. depth to com pare the O T L A R IS output
w ith pre-existing calculations.
A ccording to K im  et a l.16, the relative dose calculated at the backside o f  a 30 
g/cm  shield o f  polyethylene due to G C R  is reduced to a value o f  roughly 30%  o f  the 
radiation dose experienced w ithout a shield. Initial OLTA RIS calculations perform ed 
on the sam e 30 g/cm  polyethylene system  show ed only a 20%  reduction in dose.
This discrepancy betw een the O LTA R IS calculations and those o f  the literature was 
recognized to have resulted from  extracting the relative absorbed dose in m illiG ray 
from  O LTA R IS instead o f  the dose equivalent in m illiSievert. W hen the output 
param eter w as changed, the resulting  relative dose equivalent at a thickness o f  30 
g/cm" w as calculated to be about 34%  that o f  the incom ing radiation. Such a 
com parison w as also com pleted m odeling alum inum .
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Figure 6: C hange in relative dose vs. depth for alum inum  subjected to GCR.
Figure 6  w as created for com parison w ith ‘Sketch A ’ in the w ork also
conducted by  K im  et a l16. This agrees w ith their findings that the absorbed dose 
increases and reaches a m axim um  value near 5 g/cm " after w hich it drops o ff  and is 
also a good exam ple o f  the variations observed w hen quantifying dose using different 
units. The data m easured in absorbed dose (Figure 6 ) spiked to a m axim um  value and 
did not decrease below  the level o f  the incident radiation for the first 35 g/cm~. W hen 
the dose equivalence w as recorded for alum inum , it increased over a shorter interval 
and m uch less dram atically  as is show n in Figure 7.
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Figure 7: R eduction o f  relative dose equivalents in alum inum  vs. depth in g/cm 2.
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These trials reinforce the conclusions that aluminum, at moderate thicknesses, 
is not an effective shielding material for radiation in space because it interacts with 
radiation causing internal doses at higher levels than are observed outside the craft16. 
Layered Studies
With polypropylene still setting the benchmark o f shielding capabilities, 
improvement is sought through manipulation o f the target slab’s composition with 
multiple layers containing different materials. In OLTARIS, entire shields to be 
modeled are referred to as ‘slabs.’ These slabs can be broken down into layers that are 
individually defined by their thickness and material composition. At the boundary o f 
each layer defined, a calculation is generated for radiation dosage at that depth in the 
shield. Layers make processing and analyzing the properties o f the shield significantly 
more complex. According to calculations performed with OLTARIS, the addition of 
more material behind a given point in a shield decreases the shielding effectiveness at 
that given point, regardless o f whether the layers are a single substance or are 
comprised o f  different substances. The case o f a single substance is well illustrated in 
Figure 8 by Kapton polyimide slabs o f increasing thicknesses but always measuring 
radiation at a point 50 g/cm 2 into the block from the incident radiation.
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Consequence of Back-Scattering
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Figure 8: The variable sh ielding capabilities o f the first 50 g/cm 2 o f  K apton  
versus the total th ickness o f the shields.
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A s show n in Figure 8 , a 50 g/cm  polym eric shield alone reduces the incident 
radiation to about 36.5% . W hen this layer is p laced at the front o f  a shield  w ith a total 
thickness o f  300 g/cm  , the incident radiation is reduced to only  43.8%  at the constant 
depth o f  50 g/cm “. This phenom enon persists for all m aterials tested but is very 
pronounced w ith the K apton polyim ide. This effect is apparently a consequence o f  
backscattering by secondary radiation o f f  shielding m aterial behind the detector. The 
directional m om entum  m ust be conserved so the m ajority  o f  radiation and m ass 
continues through the shield w hile som e projected  secondary radiation travels back 
tow ards the front o f  the shield.
The backscattering effect w as also strongly evident w hen another shield w as 
m odeled. In this calculation, a 3 g/cm  layer o f  alum inum  w as positioned in front o f  a 
shield to sim ulate the hull o f  a spacecraft. This alum inum  layer is a know n source o f
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secondary radiation/neutrons resulting from  nuclear fragm entation events occurring 
betw een the nuclei o f  the alum inum  shell and the incident G C R  particles. The 
increased value o f  radiation dose at the interface o f  the alum inum  and the front o f  the 
shield w as used  as the value o f  incident radiation dosage. Behind the alum inum  w as a
9 950 g/cm “ layer o f  polypropylene follow ed by a 50 g/cm" layer o f  K apton polyim ide. 
The calculated dose equivalents w ere for a detector located at the interface o f  the two 
polym er layers. The K apton layer w as doped w ith  varying am ounts o f  gadolinium . 
K apton w ith  50%  gadolin ium  by w eight w as the highest gadolinium  content shield 
sim ulated, though it is unclear as to how  high o f  a saturation is feasible. F igure 9 
show s the results o f  the backscatter effect again, but instead o f  being a function o f  the 
total shield th ickness, the effect is a function o f  gadolin ium  percentage by m ass in the 
K apton layer.
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Figure 9: The variab le efficiency o f shielding at a point located at the interface o f  
the 50 g/cm 2 block o f polypropylene and the 50 g/cm 2 b lock  o f K apton as a 
function o f the gadolin ium  content in the K apton.
As the amount o f gadolinium in the Kapton was increased from 0 to 50 mass 
percent, the radiation dose equivalent predicted at the front o f the Kapton layer was 
increased from 32% to 38% o f that o f the incident radiation. The effects o f the 
contents o f layers in the slab on other layers closer to the incident radiation are 
undeniable according to these results, though the reasons are still unclear. They could 
be simply a function o f the polymer density; gadolinium has a rather large influence 
over this parameter as it is added. These results are also assumed to be described by a 
simulation that included a scattering o f some radiation back towards the front o f the 
shield as it passes through the layers, homogenous or not. The fact that the radiation 
experienced at a single point inside the shield varies with different compositions does 
not necessarily describe the overall shielding abilities and effects o f  the shield as a 
whole accurately. It was shown that a decrease in shielding at one point in the slab 
does not mean the system as a whole performs worse. Drawing from these results it is 
obvious that the materials and their ordering can have dramatic influences over the 
shielding o f a system o f layers.
Variable Sequence/Ordering Studies
Simulations o f a shield comprising a polypropylene layer and a layer o f a 
second material led to a surprising and consistent conclusion. The shielding 
capabilities o f these systems were found to be better when the polypropylene layer 
was behind the other layer. This result was always the same, as exemplified with the 
shields using Kapton or Ultem 1000 as the second material. Shown below in Figure 
10, trials with two layers, one Kapton and one polypropylene, were on average 7-8%
m ore effective in reducing incident G C R w hen the K apton layer was in front. Sim ilar 
results w ere also found in trials com pleted  w ith the m etallic additives o f  gadolinium  
and boron incorporated into the polym ers.
Trials Testing Dual-Layer Ordering
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Figure 10: Effects o f layer ordering. T he horizontal axis shows the com position
o f polypropylene in a standard 50 g/cm 2 thick shield.
The data plotted  above w ere the radiation values at the backside o f  a 50 g/cm  
shield. The com position and ordering o f  the K apton and polypropylene layers in the
• • * 9
shield w ere varied, but the total slab thickness o f  50 g/cm  w as held constant through 
the trials. The data show  w hat a significant effect even a 2%  com position change or 
ordering can have. The shielding efficiency is show n to be m uch better w hen the 
K apton layer is the front layer, for a given thickness o f  polypropylene. A turning 
point in this graph appeared near the hyperbolic endpoints, at the proportions o f  1:49
9 •g/cm  betw een the layers. Pure, hom ogenous polypropylene is the optim al shield for
9 950 g/cm “ o f  m aterial, but w hen ju s t one g/cm  polypropylene is incorporated after 49 
g /c n r  o f  K apton, the shielding abilities o f  the slab are predicted to be significantly
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enhanced than those o f pure Kapton. In fact the shield would be closer in quantitative 
shielding capabilities to a pure polypropylene shield than one o f pure Kapton. This is 
a surprising result considering the system o f  slabs is 98% Kapton. Note that 49 g/cm2 
of Kapton followed by 1 g/cm2 o f polypropylene is almost equivalent in shielding to 
49 g/cm2 polypropylene followed by 1 g/cm2 o f  Kapton with the difference in 
radiation reduction effectiveness only being 0.2-0.3%. This is a very intriguing result 
considering the 8 % difference in shielding between pure polypropylene and pure 
Kapton over a 50 g/cm 2 block.
Variable Shielding Efficiency
Another observation consistent for shields o f multiple layers comprised o f 
polypropylene and another material occurs only when the polypropylene is the more 
deeply embedded material. In this scenario, polypropylene’s contribution to shielding 
efficiency is dependent upon the material in front o f it. This is true both in 
Kapton/polypropylene and poly(methyl methacrylate)/polypropylene slabs as well as 
with shields o f compositions containing variable additive concentrations in the first 
layer o f the slab. An example o f such a system can be seen below in Figure 11 with 
Kapton and polypropylene.
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Figure 11: T he percent ratio o f radiation dose equivalent to incident radiation  
dose equivalent vs. the detectors’ depth o f the shield. The shield com position for 
the trials, 30 g/cm 2 o f K apton(+G d) follow ed by 70 g /cm 2 polypropylene all 
preceded by a 3 g/cm 2 alum inum  shell.
Figure 11 depicts a system  o f  layers where, as the percent gadolinium  content 
percentage increased, the radiation experienced behind the shield w as barely affected. 
A  sim ilar result was also seen w hen PM M A  w as used in p lace o f  K apton but the data 
spanned a narrow er range. This reduced range was due to lim itations involved with 
heavy m etal incorporations into PM M A  as outlined in the patent by  Johannes S m id17. 
The PM M A  was only  tested w ith gadolinium  contents up to 30%  by  w eight w hereas 
the K apton w as tested w ith up to 50%  gadolinium .
A nother experim ent revealed that w hen the order o f  the layers seen in Figure 
11 w as reversed, there w as a significant difference in shielding. F igure 12 depicts a 
p lo t o f  radiation shielding versus the gadolinium  content o f  the PM M A  layer and 
com pares the ordering o f  the layers in the slab.
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Figure 12: A) F ractional dose versus % incorporation o f Gd in the PM M A  layer. 
B) depiction o f  shield 1, C) depiction o f  shield 2. In these shields, both the PP and
PM M A +jc%  Gd layers are each 50 g/cm 2.
It is evident from  Figure 12 that the preferred ordering for the slab is w ith the 
PM M A  or PM M A +G d layer positioned in front o f  the polypropylene layer. The 
negative effects o f  the gadolinium  w ere greatly  reduced w hen polypropylene was 
positioned behind the gadolin ium -loaded PM M A . The difference in relative dose 
behind the shield is only about 3%  in the absence o f  gadolinium  and grow s to about 
7% w ith 30%  gadolinium  by m ass incorporated into the PM M A  layer. All sim ulations 
o f  dual-layered system s that have included polypropylene as one o f  the layers have 
yielded the sam e results.
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Foil versus Dispersion Incorporated Additives
The metals sought to be added to the polymers for the absorption o f secondary 
radiation (gadolinium, boron and tungsten) can be obtained both as foils and as 
powdered nanoparticles. The foil would be a thin metal layer in the system while the 
powder must be dispersed (as homogenously as possible) throughout polymer slab. 
Achieving a thoroughly homogenous doping o f a polymer layer may be much more 
synthetically complex and difficult than just placing a foil between two layers in the 
slab. Figure 13 shows one system o f layers including polypropylene and UDA-BAM 
with 1 0 % tungsten nanoparticles (by mass) incorporated into the polymer matrix 
compared to three trials o f similar layered systems including tungsten as a pure 
element thin film in the ordering o f polymeric slabs. The final shield was composed 
o f polypropylene and pure UDA-BAM with no tungsten added. Tables 6  and 7 
provide descriptions o f the five multi-layered systems. Each o f the shields with 
tungsten had the same total mass o f tungsten incorporated either as a powder or a foil.
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Comparison of Additive Incorporation 
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Figure 13: C om parison o f polym eric system s with W  foil and dispersed
nanoparticles.
D epth g/cm 2 T ungsten N anoparticle U D A -B A M  (no W )
0 - 1 P.P.* P.P.
1 - 2 P.P. P.P.
2-3 P.P. P.P.
3-4 U D A -B A M  +10% W U D A -B A M
4-5 U D A -B A M  +10% W U D A -B A M
5-6 U D A -B A M  +10% W U D A -B A M
6-7 U D A -B A M  +10% W U D A -B A M
7-8 P.P. P.P.
8-9 P.P. P.P.
9-10 P.P. P.P.
T able 6: C om positions o f  shields (F igure 13) includ ing U D A -B A M  w ith tungsten  
nanoparticles and pure U D A -B A M  with no tungsten added. *Polypropylene
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Foil 1 Foil 2 Foil 3
Depth
g/cm2
Layer Depth
g/cm2
Layer Depth
g/cm2
Layer
0-1 P.P. 0 -1 P.P. 0 -1 P.P.
1-2 P.P. 1-2 P.P. 1 -2 P.P.
2-3 P.P. 2-3 P.P. 2-3 P.P.
3-3.4 W Foil 3-4 UDA-BAM 3-4
UDA-
BAM
3.4-4 UDA-BAM 4-4.8
UDA-
BAM 4-5
UDA-
BAM
4-5 UDA-BAM 4.8-5.2 W Foil 5-5.8
UDA-
BAM
5-6 UDA-BAM 5.2-6
UDA-
BAM 5.8 -6 . 6
UDA-
BAM
6-7 UDA-BAM 6-7
UDA-
BAM 6.6-7 W Foil
7-8 P.P. 7-8 P.P. 7-8 P.P.
8-9 P.P. 8-9 P.P. 8-9 P.P.
9-10 P.P. 9-10 P.P. 9-10 P.P.
Table 7: Layered slab compositions, shown in Figure 13, for comparison of
additive incorporation.
The peaks in the curves correspond to the layer o f tungsten foil. The system
simulated with tungsten nanoparticle dispersion remains, for the most part, on the
lowest lying line and does not exhibit positive slope between any data points. The
2 •final calculated values o f radiation dampening behind 10  g/cm o f these shields varied 
by only a fraction o f a percent. This result shows that how the tungsten is 
incorporated into the a polymeric slab may be trivial from the perspective o f effective 
shielding capabilities and a preference between incorporation methods would be made 
based on the specific physical requirements o f the application and further testing on 
secondary radiation absorption capabilities.
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Complex M ulti-Layered Systems
OLTARIS simulations have been implemented to analyze and characterize 
polymeric radiation shielding with the intent o f designing an enhanced shield capable 
o f  sufficiently reducing deleterious effects o f the high energy radiation incident in the 
space environment. To achieve this shield, a multi-layered polymeric system is 
hypothesized to be the most effective route.
To shield against GCR nuclei, it is believed that a hydrogen-rich polymer is 
particularly effective in slowing the incident radiation through Coulombic interactions 
while keeping the shield’s mass low. For this application, polypropylene and 
polyethylene are both well suited. Polypropylene was chosen over polyethylene 
however, because o f its greater thermal and mechanical properties5,6. The secondary 
radiation components that are created in nuclear fragmentation events between the 
shield and GCR must also be targeted. Included among the nuclear fragments are 
secondary neutrons. Thus, boron additives will be utilized for their high neutron- 
capture cross sections in polyimide slabs.
Tungsten is incorporated into polyimide layers to promote the absorption o f 
secondary electromagnetic radiation. The metal additive may also enhance the 
polymer’s physical structural integrity. With its high atomic number, it is expected 
that incorporated tungsten will be especially susceptible to nuclear fragmentation 
events with GCR. This prediction, coupled with the reoccurring results o f many 
material ordering experiments (see Figures 8 , 9 and 10), led to the designation o f the
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final m aterial layers in the m ulti-layered shielding system  as polypropylene. A 
schem atic sum m arizing the basic m odel is show n below  in Figure 14.
A Hydrogen rich 
Polypropylene
Polyimide layer doped 
for neutron absorption
Polyimide layer doped for secondary 
E&M  radiation absorption
Hydrogen rich 
Polypropylene
A = Neutrons
\  = Electromagentic radiation
•• = Fragmentation particles
Figure 14: schem atic o f  optim ized m ulti-layered polym eric shield.
Trials analyzing variable m ultilayered system s w ere conducted to com pare 
effectiveness in layer ordering and p lacem ent in the shield. Figure 15 show s the 
results o f  these first trials, converted from  dose equivalent in m Sv/day to the unitless 
quantification o f  H (x)/H (o). Each data point is equated to a detector im bedded at a 
given depth in the shield.
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Trials with Layers with 2 additives
1.1
0.9
0.6
0.5
0 2 4 6 8 10
Aluminum 
UDA-BAM 
Trial 1 
Trial 2 
Trial 3 
Trial 4 
Trial 5 
Trial 6
Polypropylene
Depth (g/cmA2)
Trials with Layers with 2 additives
0.9
Aluminum
0.85 UDA-BAM
Trial 1
0.8
Trial 2
Trial 3
Trial 4
0.7 Trial 5
Trial 60.65
Polypropylene
0.6
B)
Figure 15: A) E valuation  o f m ultilayered trials, com pared to pure alum inum , 
U D A -B A M , and polypropylene. B) C lose up o f  the area w here the results o f
m ultilayered trials diverge.
Tables 8  and 9 depict the m ultilayered system s evaluated in Figure 15.
45
Depth (g/cm2) Trial 1 Trial 2 Trial 3
0 -1 Polypropylene Polypropylene Polypropylene
1-2 Polypropylene Polypropylene Polypropylene
2-3 Polypropylene Polypropylene UDA-BAM+10%B
3-4 Polypropylene UDA-BAM+10%B UDA-BAM+10%B
4-5 UDA-BAM+10%B UDA-BAM+10%B UD A-B A M +10% W
5-6 UDA-B A M +10%B UDA-BAM+10%W UDA-B A M +10% W
6-7 UDA-B A M +10% W UDA-B A M +10% W Polypropylene
7-8 UDA-B A M +10% W Polypropylene Polypropylene
8-9 Polypropylene Polypropylene Polypropylene
9-10 Polypropylene Polypropylene Polypropylene
Table 8: The multilayered compositions of Trials 1-3 shown in Figure 15.
Depth (g/cm2) Trial 4 Trial 5 Trial 6
0-1 Polypropylene Polypropylene Polypropylene
1 -2 Polypropylene Polypropylene Polypropylene
2-3 Polypropylene Polypropylene UDA-B A M +10% W
3-4 Polypropylene UDA-BAM+10%W UDA-BAM+10%W
4-5 UDA-BAM+10%W UDA-B A M +10% W UDA-BAM+10%B
5-6 U D A-B A M +10% W UDA-BAM+10%B UDA-BAM+10%B
6-7 UDA-BAM+10%B UDA-BAM+10%B Polypropylene
7-8 UDA-BAM+10%B Polypropylene Polypropylene
8-9 Polypropylene Polypropylene Polypropylene
9-10 Polypropylene Polypropylene Polypropylene
Table 9: The multilayered compositions o f Trials 4-6 shown in Figure 15.
The results show that pure polypropylene is the most effective shield for GCR. 
The multi-layered compositions (Trials 1-6) were not significantly worse in this 
analysis, on average they shielded 2.16% [H(x)/H(o)] less effectively than the 
polypropylene control with a standard deviation among the six trials o f only 0 .1 1 %. 
There was no difference o f shielding capabilities observed in the relative ordering 
between the UDA-BAM+10% B layers and those with 10% W. While the multi­
layered shields are shown to be inferior to pure polypropylene, the full effects o f the 
beneficial properties sought in the additives (the absorption o f secondary
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electromagnetic radiation and free neutrons) are not yet accounted for in OLTARIS’s 
simulations.
To better model the shielding environment for applications inside a spacecraft, 
experiments were repeated on the multi-layered Trials 1-3, but placed behind a 2 
g/cm2 slab o f aluminum to simulate the hull o f such a vessel. These new multilayered
trials’ compositions are shown in Table 10.
Depth (g/cm2) Trial A 11 Trial A1 2 Trial A1 3
0 -1 Aluminum Aluminum Aluminum
1 -2 Aluminum Aluminum Aluminum
2-3 Polypropylene Polypropylene Polypropylene
3-4 Polypropylene Polypropylene Polypropylene
4-5 UDA-BAM+10%B Polypropylene Polypropylene
5-6 UDA-BAM+10%B UDA-BAM+10%B Polypropylene
6-7 UDA-BAM +10% W UDA-BAM+10%B UDA-BAM+10%B
7-8 UDA-B A M +10% W UDA-BAM+10%W UDA-BAM+10%B
8-9 Polypropylene UDA-BAM+10%W UDA-BAM+10%W
9-10 Polypropylene Polypropylene UDA-BAM+10%W
1 0 - 1 1 Polypropylene Polypropylene Polypropylene
1 1 - 1 2 Polypropylene Polypropylene Polypropylene
Table 10: Multilayered compositions of Trials A 11-3.
Qualitatively, it is expected that the incident GCR will have a significantly 
increased rate o f nuclear fragmentation with the target aluminum nuclei, thus 
subjecting the polymeric layers to greater secondary radiation. Figure 16 shows the 
results o f calculations on trials with the aluminum shell, as shown in Table 10, and 
also includes pure shields o f aluminum, UDA-BAM, and polypropylene for 
comparison.
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Layer trials with 2 g /cm 2 Al Shell
1.1
1
0.9
0.8
0.7
0.6
0.5
0 2 4 6 8 10 12
Aluminum 
UDA-HPB 
Trial Al 1 
Trial Al 2 
Trial Al 3 
Polypropylene
Depth (g/cm2)
Figure 16: M ultilayered trials includ ing an alum inum  shell preced ing the 
polym er layers. The com positions o f  the m ultilayered trials are show n in Table 9.
The m ost intriguing observation is the notable increase in the shielding 
efficiencies o f  the polym er layers d irectly  fo llow ing the alum inum . The am ount o f  
radiation dose equivalent reduction per unit thickness is greater in the first polym er 
slab o f  a shield than over any o f  the other intervals. The average value o f  H (x)/H (o) 
behind the shield for the three m ulti-layered trials w as 56.1%  (standard deviation o f  
0.119%  ) w ith the incident radiation being reduced to 52.8%  through the 
polypropylene slab. The three trials varied  only by the p lacem ent o f  the six 1 g/cm  
polypropylene layers. N one o f  these m ulti-layered slabs reduced radiation 
significantly  m ore than the others. In com parison to pure polypropylene, the m ulti­
layered system s w ere only  slightly  less effective in shielding according to the
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O LTA RIS calculations, w hile their intended benefits o f  secondary radiation 
absorption and im proved m echanical properties m ust be show n through other 
experim ental m ethods. U pdates to include the absorption o f  neutrons and gam m a rays 
and further analysis w ould  be expected to show  an increase in the perform ance o f  the 
p roposed m ulti-layer shielding system s.
M ISSE -X  M odeling
A ll O LTA R IS sim ulations have been conducted in a free space environm ent, 
to m im ic the conditions o f  long distance, interplanetary space flights. H ow ever, very 
few  m anned m issions have ever been outside o f  low  Earth orbit (LEO ). Currently, the 
International Space Station (ISS) m aintains low Earth  orbit at an altitude range o f 378- 
460 kilom eters at an inclination o f  51.6° relative to the equator. This places the craft 
in the  protective electrom agnetic sphere o f  the Earth  and the V an A llen  Belts, Figure 
17.
Proton Belt
Outer Electron Belt
South 
Atlantic -  
Anomaly
18Figure 17: T rapped R adiation B elts A round Earth .
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The Earth’s fields trap incoming charged particles in two belts. The outermost 
belt consists o f mostly electrons and the inner belt collects other charged particles, 
mostly protons. Also shown in Figure 17 is the South Atlantic Anomaly. This is 
where the inner belt o f charged matter reaches its lowest altitude and correspondingly 
where the 1SS experiences the most intense radiation in its circular orbit.
MISSE-X, Materials on the International Space Station Experiment-X, is a 
proposed collaboration o f experiments for materials subject to the LEO space 
environment to be implemented externally on the ISS. There have been multiple 
MISSE missions since the original MISSE was placed on the ISS in August o f 200119. 
Most o f the MISSE experiments to date have been passive, requiring the return o f the 
materials to Earth to be analyzed. As the post-shuttle era has commenced, MISSE-X 
will be the first MISSE platform to emphasize active sensing and monitoring o f the 
external space environment.
An experiment has been proposed by International Scientific Technologies, 
Inc. in conjunction with the College o f William and Mary. The experimental volume 
is expected to be limited to a four inch cube located on the MISSE-X platform. This 
volume must contain the material being tested for its shielding capability and its 
sensing apparatus, a dosimeter. To better comprehend what is expected from the 
proposed experiment, several systems were modeled using OLTARIS. The OLTARIS 
calculations were carried out in free space and low Earth orbit environments o f 1977, 
the year o f recorded maximum in GCR exposure.
So far, all OLTARIS calculations shown have utilized slab geometry 
modeling. These models limit the simulations to a two-dimensional analysis o f the
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m aterials subjected to incident radiation from  one direction. H ow ever, OLTA RIS 
does allow  one to m odel com plicated  three-dim ensional arrangem ents o f  m aterials by 
uploading a user defined th ickness distribution in X M L form at. In these sim ulations, 
the system  w as a basic sphere o f  3 inch radius w ith  the final depth being the center o f  
the sh ield’s core. To define this spherical shield, a ray distribution w as used. Rays are 
vector lines that are defined by  their origin location, three dim ensional direction, and 
length. The w ebsite has m ultiple ray distributions available to users ranging from  
distributions o f  42 to 10,000 rays. In this study, a ray distribution defining 1,002 rays 
w as u tilized in the X M L coding to m odel the three inch spheres. The results o f  four 
m odeled spheres o f  polym eric m aterials subject to free space and low  Earth orbit are 
show n below  in F igure 18 w ith the accom panying Table 11 displaying the dose
equivalent reduction as calculated  using OLTARIS.
1.09
1.04
UDA-BAM+10%W MISSE-X 
Orbit
UDA-BAM MISSE-X Orbit
0.99
0.94
-*-UDA-BAM +10%  B MISSE-X 
Orbit
 ♦" Polyropylene MISSE-X Orbit
3 , 0.89
2S 0.84
U DA-BAM+10%W Free 
Space
UDA-BAM Free Space
0.79
0.74
0.69
0.64
Depth (Inches)
Figure 18: C om parison o f shielding perform ance in LEO  and free space.
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Material Free Space MISSE-X
Polypropylene 34.44% 19.98%
UDA-BAM 33.98% 17.74%
UDA-BAM+10%B 35.02% 18.84%
UDA-BAM+10%W 33.94% 16.62%
Table 11: Percentage reduction in radiation dose equivalence over the 3 
inch spherical shields.
Figure 18 compares the materials using a length measurement, inches, rather 
than areal density as the other OLTARIS calculations have been reported. Because 
the proposed MISSE-X experiment must be contained within the specified volume, 
areal density was not o f importance to this study. In the Free Space calculations, it 
was found that UDA-BAM+10%B was expected to slightly outperform 
polypropylene. This result is an effect o f using length instead o f areal density in the 
definition o f shield depth.
The results most blatantly show that the materials used in the calculations are 
much more effective in shielding radiation in the Free Space environment. This result 
is due to the large difference in incident radiation values, H(o), between the two 
environments. Radiation incident on the systems modeled in free space was greater 
than that incident on systems in low earth orbit by over a factor o f eight. It is not 
surprising to find that the shields subject to more radiation are capable o f greater 
relative shielding. It is surprising however to note that the initial increase in observed 
fractional dose due to interactions o f the incident radiation and the shielding material 
is greater in the low Earth orbit shields.
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CONCLUSIONS
The radiation outside o f the Earth’s geomagnetic sphere is expected to have 
hugely detrimental effects on biological systems as well as electronic equipment. 
Until sufficient shielding o f radiation present in the space environment is reached, 
long-termed manned missions in deep space are not feasible. Materials capable of 
protecting space craft through significant radiation reduction are expected to be 
lightweight polymers. Over the course o f this work, research was conducted in 
polymer synthesis as well as in modeling and simulation o f the radiation effects on 
materials subject to GCR and LEO.
The synthetic approach focused on the utilization o f polyimides for shielding 
applications. A fairly hydrogen-rich diamine monomer, BDA3, was successfully 
synthesized and its synthesis procedure streamlined from previous work. 
Complications from the low solubility o f BDA3 and its corresponding polymer have, 
so far, resulted in films o f low quality. Several polyimides were successfully 
synthesized from poly(amic acid)s comprised o f several different diamine and 
dianhydride monomers. Silver was incorporated successfully into polyimide films for 
the intended application o f mitigating electrostatic discharge on the surface o f circuit 
boards in space.
The modeling program OLTARIS was used for studying shielding systems 
subject to space radiation. Individual materials were evaluated for their relative 
shielding effectiveness. Layered systems of materials were studied to identity key 
relationships and effects present. Every test has shown that any layer in a system has 
an influence on the shielding performances o f the other layers both before and after it.
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Observations o f variable ordering in layer placement on shielding effectiveness 
heavily guided the development o f new systems. A multi-layered system o f polymeric 
materials designed to target and reduce specific components and products o f GCR has 
been proposed and evaluated with OLTARIS. OLTARIS was also used to study the 
differences between the low Earth orbit and free space environments for future 
evaluations o f polymeric radiation shields with the MISSE-X program.
Continuing research is necessary in both polymer synthesis and theoretical 
modeling o f materials in space environments. The research and production o f new 
polyimides o f high hydrogen content and improved mechanical and physical 
properties will remain a focus o f material development for these applications. Further 
analysis o f the proposed multi-layer polymeric shielding systems is necessary to more 
accurately describe its effectiveness. Experiments observing the absorption o f 
neutrons and electromagnetic radiation that result from interactions o f the GCR with 
the shielding materials are adding to our understanding by supplementing the 
OLTARIS modeling which cannot account for neutrons and electromagnetic radiation.
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